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ABSTRACT 
 
There has been an increasing demand for novel synthetic polymers made of components 
derived from renewable sources to cope with the depletion of petroleum sources. In fact, 
monomers derived vegetable oils and plant sources have shown promising results in forming 
polymers with good properties. The following is a study of two highly viable renewable sources, 
eugenol and tung oil (TO) to be copolymerized into fully bio-based thermosets. Polymerization 
of eugenol required initial methacrylate-functionalization through Steglich esterification and the 
synthesized methacrylated eugenol (ME) was confirmed by 1H-NMR. Rheological studies 
showed ideal Newtonian behavior in ME and five other blended ME resins containing 10 – 50 
wt% TO.  Free-radical copolymerization using 5 mol% of tert-butyl peroxybenzoate 
(crosslinking catalyst) and curing at elevated temperatures (90 – 160 °C) formed a series of soft 
to rigid highly-crosslinked thermosets. Crosslinked material (89 – 98 %) in the thermosets were 
determined by Soxhlet extraction to decrease with increase of TO content (0 – 30%). Thermosets 
containing 0 – 30 wt% TO possessed ultimate flexural (3-point bending) strength of 32.2 – 97.2 
MPa and flexural moduli of 0.6 – 3.5 GPa, with 3.2 – 8.8 % strain-to-failure ratio. Those 
containing 10 – 40 wt% TO exhibited ultimate tensile strength of 3.3 – 45.0 MPa and tensile 
moduli of 0.02 GPa to 1.12 GPa, with 8.5 – 76.7 % strain-to-failure ratio. Glass transition 
temperatures ranged from 52 – 152 °C as determined by DMA in 3-point bending.  SEM analysis 
on fractured tensile test specimens detected a small degree of heterogeneity. All the thermosets 
are thermally stable up to approximately 300 °C based on 5% weight loss.
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CHAPTER 1: BACKGROUND INFORMATION 
 
1.1 Thesis Organization 
The general theme behind this thesis is to contribute to the pool of research surrounding 
the creation of new polymers using components that are derived from natural sources. By using 
the premise of the eminent petroleum crisis affecting future production of plastics, this thesis 
begins the discussion of the two well-documented ways of obtaining renewable monomers, 
namely natural polymers and vegetable oils, with emphasis on the latter. Chapter 2 details the 
functionalization of eugenol to form a methacrylated-derivative to copolymerize with Tung oil. 
The resulting polymers were examined for its mechanical and dynamic capabilities, including its 
response to thermal degradation. Finally, chapter 3 reviews all parts of the project and discusses 
issues with it that were not addressed in the previous chapter.  
 
1.2 Petroleum crisis as the premise 
The technological advances over the last few decades have witnessed the steady growth 
and success in the development of polymers. Where metals rule in high-strength performance, 
polymers, which are light and cheaply mass-producible, have also come far in terms of their 
mechanical capabilities—a fact that is demonstrated through their increasing versatility over a 
wide range of applications. The depleting global petroleum and crude oil reserves, however, 
remains to be one of the greatest concerns plaguing every society. While the continued rise of 
petroleum prices has the most major impact on the transportation sector, this will eventually also 
become a crisis for the industrial manufacture of synthetic polymers which makes up a good 
chunk of the total petroleum consumption[1]. A significant amount of petroleum-based synthetic 
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polymer manufactured today, such as poly(vinyl chloride) (PVC), polystyrene (PS), polyethylene 
(PE) goes into daily life applications (i.e. food packaging, containers, trash bags, etc) and 
structural components. One solution to prevent over reliance on petroleum could be plastic 
recycling. Although systems have been established in effort to reuse and recycle these 
thermoplastic polymers by melting and recasting, there are clearly limitations to the rate at which 
they can be recycled. This eminent global oil crisis has triggered a pre-emptive effort for the 
intensive research and development in renewable polymers to cut down reliance on the 
petroleum sources as chemical precursors as well as to reduce the amount of plastics waste.  
 
1.3 Renewable monomers 
 
The primary goal of this initiative is thus to incorporate polymers derived from renewable 
natural resources to replace in whole or in part of existing petroleum-based polymers. Over the 
past decades, the blossoming research in biotechnology had significant contribution to the areas 
of organic polymer chemistry, which was driven by the discovery of microorganisms that are 
capable of enhancing the chemical synthesis of polymeric materials. The more common 
development approaches are focused on the rigorous attempts in improving polymer processing 
methods, as well as the transformation of existing renewable polymers. In fact, physical blending 
of different polymers is by far one of the cheapest methods to create new products. A more novel 
approach is the implementation of well-studied controlled polymerizations of monomers derived 
from sustainable resources, which often goes hand-in-hand with new discoveries in green 
chemistry. Although the cost of utilizing bio-based monomers at present simply cannot compete 
well with those of petroleum-based precursors due to the amount of preprocessing needed, along 
with the environmental-friendliness, bio-based polymers can still cost-effectively outdo the 
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performance of petroleum-based polymers.  This monomeric approach may be part of the 
solution to solving the burden of the oil crisis on synthetic polymer manufacturing. The next 
section discusses the goal of this project and how the monomeric approach could help achieve it. 
 
1.4 Monomers from Lignin 
 
Figure 1: Proposed structure of lignin. 
Lignin is a component found along with cellulose and hemicellulose in the secondary cell 
walls of vascular plants. These could be classified into hardwood and softwood types[2, 3], 
where each type is composed of different lignin/cellulose/hemicellulose matrix composition. 
Generally, lignin in most plants contributes up to 30 wt% of biomass material and functions 
primarily as an adhesive to bind and support the collective matrix of the other microfibrills (i.e. 
cellulose, hemicellulose, etc) that contribute to the stiffness of the stem. Despite being second to 
cellulose in terms of its compositional abundance, it boasts the highest ratio of phenolic 
functional groups by nature of its highly- and randomly-crosslinked, carbonaceous three-
4 
 
dimensional structure. Although a schematic had been proposed in the late 1970s by Aldell 
[4](Figure 1), its molecular infrastructure is known vary with the source, which dictates the 
different ratios of the phenolic subunits found in all vascular plants—often referred as 
monolignols, namely p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol (Figure 2)[5-7].  
 
Figure 2: Three types of monolignols found in all lignin sources, from left to right, namely, p-
coumaryl alcohol, coniferyl alcohol and sinapyl alcholol.  
 
The sheer prevalence of phenolic hydroxyl, methoxyl and aldehyde groups is a primary 
characteristic of these phenylpropane class of molecules that account for their chemical 
reactivity[8] and their natural tendency to form crosslinks among themselves. The biosynthesis 
of the lignin structure which is riddled with carbon-carbon links, alpha- and beta-aryl ether 
linkages (Figure 3) among the monolignols is attributed to oxidative dehydrogenation[9]—a 
reaction catalyzed by peroxidases present in cell walls that stimulate random free-radical 
coupling reactions among the monolignols. 
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Figure 3: Some of the commonly found aryl ether linkages (top two) and carbon-carbon linkages 
(bottom three) between the monolignols. 
 
Lignin produced commercially in paper industries are primarily obtained as a byproduct 
from the paper pulping process that serves to isolate cellulosic fiber from the other major 
components of the wood, such as hemicellulose and  lignin. Depending on the type of pulping 
process, such as Kraft[10, 11], Sulfite and Soda, the generated lignin will be different in terms of 
their properties. These may purity, molecular weight distribution, solubility in aqueous / organic 
solvents, functional groups, etc., all of which affect their respective applications. For instance, 
ligninsulfonates obtained from the sulfite-process have the highest molecular weights among 
other industrial lignin and are soluble in aqueous solvents, making them suitable as dispersants, 
emulsifiers, and binding agents. The paper industry account for over 70 million tons of lignin 
generated annually, with only about 1 - 2 % of this figure utilized for commercial production of 
household products[12]. The rest are utilized as fuel in effort to recover inorganic substances 
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contained in the spent black liquor obtained from the pulping process and as part of the energy 
recycling to run the mill[13].  
Biorenewable resources such as lignin have certain barriers that limit their utility. 
However, derivatives of lignin have a remarkable track record of success in many direct 
applications, in part due to their reactivity towards living systems. Due to its high amounts of 
phenolic moieties, lignin is naturally antioxidant by nature of the radical-scavenging phenols[14]. 
Example applications include its derivative uses in human red blood cells[15]. In fact, it has also 
been reported for various antibiotic and anti-carcinogenic uses both in animals and humans.  
To be more specific towards the current project’s goals, lignin has received much 
attention for decades in regards to its combination with other polymers to enhance mechanical 
capabilities of multi-phased polymer systems (e.g. copolymers and blends). While having an 
aromatic structure helps expand its make it susceptible to many chemical reactions such as 
alkylation, oxidation, reduction, etc. Nonetheless, to make formulations and blends, the amount 
of crosslinking in its structure makes chemical modification a primary concern for dissolving in 
organic solvents[16].   
There was reportedly much progress in using lignin formulation without prior chemical 
modification. This includes being a cheaper and environmentally-friendly substitute for phenols 
in phenol-formaldehyde-based resins[17-19], enhancing curing properties [20]and in some cases, 
increasing stiffness as a copolymer. Other similar exploits involve the making of polyurethane-
based foams[21], increasing the biodegradation susceptibility of petroleum-based polymers while 
also improving some properties[22], and as a co-macromonomer in a polycondensation reaction 
for producing high molecular weight heat-resistant thermoplastic[23]. It was also reported that 
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household items could be made with plastics derived from lignin after the inclusion of additives, 
imparting water-resistance, thermoplastic behavior and recyclability value[24].  
For cases where prior chemical modification is needed, it is usually associated with 
suppressing the phenolic radical-scavenging activity which discourages free-radical 
polymerizations. For instance, Kraft lignin to be used as a compatibilizer in fiber-reinforced 
composites was butyrated at the phenoxyl group[25]. It was to suppress the radical 
polymerization inhibition and to make the highly polar hydroxyl-dominated lignin structure less 
polar for binding with styrene and the matrix. Kraft lignin has also been alkylated for preparation 
of thermoplastic blends[26].  
What is currently pursued within the context of the biorefinery effort surrounding lignin 
is obtaining “value-added” first-generation aromatic fine chemicals. For instance, the synthesis 
of Vanillin from lignin by NaOH hydrolysis and copper (II) catalyzed-oxidative degradation 
(performed at very high temperatures and pressures) developed by Mosanto was one among the 
few documented methods[27].  There has been a collective effort into the research involving 
extraction of specific aromatic compounds from lignin. Basically, obtaining such chemicals will 
require oxidative cleavage on the aforementioned aryl ether links and carbon-carbon links 
(Figure 4). For instance, eugenol, though primarily extracted from cloves, can also be obtained 
from the oxidative degradation of lignin as a lignin model compound (LMC). This explains why 
eugenol can potentially be a highly sustainable natural resource as feedstock. 
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Figure 4: A schematic here shows the breaking down of lignin to form various aromatic 
compounds. 
 
1.5 Monomers from Vegetable Oils 
 
 
Figure 5: Generic tricglyceride structure, composed of three fatty acids, R1, R2 and R3. 
Another alternative strategy for the monomeric approach is the use of natural molecular 
biomass such as vegetable oils and fatty acids. Vegetable oils, which may include castor, 
safflower, soybean and linseed as some examples, are considered one of the most plentiful 
natural biomass. These are a class of organic compounds that composed of triglycerides, which is 
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the result of an esterification of glycerol and three fatty acids[28]. There fatty acids are mostly 
long-chained aliphatic compounds boasting an even number of carbon atoms ranging from 
fourteen to as many as twenty-two, including up to five degrees of unsaturation defined by the 
number of double bonds, including functional groups such as hydroxyls and epoxides for specific 
types of fatty acids. Based on their plant sources and environmental factors, the ratio of these 
fatty acids found in the triglycerides could vary and thus affecting the overall physical properties 
simply because of the resulting average number of double bonds, their positions and 
conjugation[29, 30]. They can also be categorized into drying oils, semi-drying oils and non-
drying oils, which are based on the determined iodine value (IV) directly proportional to the 
amount of unsaturation in the oil. These drying oils are capable of self-polymerizing through 
autooxidation to form hydroperoxides[31], which eventually form polymers through free-radical 
polymerization[32].  
The synthesis of vegetable oil-based polymers is a very widely researched area, involving 
the modification of these fatty acids/triglyceride molecules as starting monomers, in much the 
same way as those derived from petroleum. In fact, Hazel et. al had reported on the utilizing the 
unsaturation sites of vegetable oils as macroinitiators[33]. By nature of their trifunctionality, 
vegetable oils are capable of forming hyperbranched and highly-crosslinked polymers. Attempts 
have also been reported in functionalizing the unsaturation sites of raw vegetable oils (mixtures 
of fatty acid monomers) as part of a strategic approach to synthesize soluble and recyclable 
polymers, which resulted in crosslinking[34-40]. Further progress on this work delivered some 
successful strategies in solving the issue with the crosslinking, for instance, by the action of 
epoxidation and subsequent ring-opening polymerization (ROP) and hydrolysis reactions. 
Another simple reason for functionalizing vegetables is to make them more reactive since 
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internal double bonds (especially cis-configuration) on these aliphatic fatty acid chains are not 
very reactive, though conjugation does increase the reactivity. Functionalizing double bonds of 
triglycerides can result in increased mechanical properties of the resulting polymer. For instance, 
Zhang demonstrated the single-step method to synthesize acrylated soybean oil (ASO) by the 
reaction of soybean oil (SO) and acrylic acid in the presence of BF3EtO catalyst[41]. He reported 
that increased stoichiometry and reaction time resulted in higher conversion of double bonds and 
this in turn boosted the flexural properties of an ASO-ST polymer blend. Hence, the main perk to 
consider about vegetable oils is the fact that they are considered more versatile smaller building 
blocks for synthesizing polymers in lieu of their more defined chemical structures as compared 
to the more haphazard structures of natural macromolecules like lignin which require extensive 
preprocessing. This grants the flexibility to tailor the properties of the polymer to an extent that 
rivals those made from petroleum. Additionally, they are also biodegradable and present low 
levels of toxicity.  
 
1.6 Eugenol 
 
 
 
Figure 6: Molecule of eugenol—an allyl-substituted phenolic compound 
 
Eugenol is a natural phenolic compound that forms the major component of clove oil. It 
is a slightly yellowish clear liquid that emanates a very characteristic spicy aroma and is 
particularly well-known for its role as a useful component in many types of products that span 
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the agricultural, pharmaceutical, cosmetics and fragrance industries. The compound, which can 
also be safely used in food at very low concentrations, has been extensively studied such that its 
anti-oxidant[42, 43], anti-microbial[44], anti-inflammatory[45], anti-fungal and analgesic 
properties are well-documented in modern medicine. Based on these properties, eugenol is thus 
widely used in agricultural pest control, food flavorings and preservation and dental applications, 
etc. While many of these functions lie mostly on the pharmacological aspect--albeit, the known 
side effects and cytotoxicity at high concentrations, eugenol remains a potentially useful bio-
renewable feedstock for developing new materials. An attractive aspect of eugenol as a viable 
bio-based resource is its sustainability. Cloves (Eugenia caryophyllata) are a type of spice that is 
native to the ‘spice islands’ in Indonesia. Close to 2000 tonnes of clove oil were produced every 
year according to 2001 production figures and it was estimated in 2006 to have generated annual 
market revenues of $30 – 70 million[46]. In addition, eugenol is one of the lignin model 
compounds (LMC). They are the low molecular weight phenolic compounds resulting from the 
degradation of lignin as explained previously. This means the availability of eugenol need not 
necessarily rely heavily of the production of cloves. Several studies have shown the potential of 
extracting large amounts of LMCs from lignin[47]. Some of the research into polymers from 
eugenol will be discussed in Chapter 2. 
 
1.7 Tung Oil 
Tung oil[48], sometimes referred as China wood oil, is a vegetable oil (more specifically, 
seed oil) that is commercially extracted in great quantities from the kernel (~60%), fruit (~20%) 
and nut (~40%) of the tung tree (or scientifically called Aleurites Fordii). Tung trees are 
indigenous to central and Western China. However, due to their strict tropical climate and soil 
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requirements, commercial production and exports of tung tree oil are mainly from the southern 
part of these regions. Because of its huge list of known and potential applications, the tung oil 
industry had rapidly expanded. In fact, the China wood oil trees (Aleurites montana or Mu 
trees)—one of the several species known to produce Tung oil—which are normally grown in 
southern China, had also been extensively cultivated since early 1900s in certain parts of the 
United States, including Florida, Texas, Georgia, Lousianna and Mississippi. Despite being fast-
growing and commercial productive in just a few years, the demand for tung oil far exceeded the 
supply and United States remained the largest importer of tung oil from China and later on, 
Argentina. This was critical when the United States government deemed it a strategic item for 
the coating of many military equipment. Unfortunately, commercial Tung oil production in the 
United States was eliminated in just a few decades due to extreme cold temperatures and the 
onset of hurricanes occurring in some of the Southern States. Tung oil is basically composed of 
triglycerides made up of primarily alpha-oleosteric acid (~80%) (Figure 7), which is eighteen 
carbons long and has three conjugated double bonds. The presence of large number of double 
bonds and conjugation makes tung oil one of the fastest drying oils among other natural drying 
oils, including linseed, castor, safflower, etc. It is able to cure by autooxidation to form durable 
coatings that are flexible and water-resistant, making it suitable for many outdoor applications. 
Hence, it has been heavily commercialized for making paints, varnishes, lacquers, resins, 
linoleum, electricity-insulating compounds and other products related to wood finishing, 
polishing and coating purposes. More on tung oil literature will be discussed in Chapter 2. 
13 
 
 
 
Figure 7: A representative molecular structure of Tung oil, a triglyceride composed of alpha-
oleostearic acids. 
 
1.8 Project Motivation 
The current project aims to pursue the creation of soft to rigid thermosetting materials 
strictly from bio-based sources such as Eugenol and Tung Oil by taking advantage of existing 
free-radical copolymerization techniques. While soluble polymers from renewable source are 
highly desired, the demands of certain applications cannot be met by just recyclable 
thermoplastics. In addition, there is much flexibility granted for thermosets in regards to 
customizing the needed mechanical properties such as ultimate strength, stiffness and toughness, 
including high glass transition temperature and resistance to chemicals—all of which are partly  
a product of the high-level of crosslinking[49-52]. Unfortunately, such a material has innately 
low impact resistance and cannot be melted and recast like thermoplastics. This is not a real 
concern since thermosetting polymers will normally end being used as composite materials by 
the addition of fillers and incorporation of fibers (e.g. carbon, glass and aramid, etc) into the 
uncured resin in order to reinforce their mechanical capabilities. One of the bigger concerns, 
however, is the production of harmful volatile organic compounds (VOC) during curing 
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processes[53]. Specifically, styrene is a VOC that is very commonly used as a reactive diluent in 
the manufacture of vinyl-ester composite materials[54], because it postpones the onset of 
gelation in monomer resin and its overall viscosity to enhance workability with liquid molding 
techniques[55]. One of the goals is finding a monomer candidate that (1) has high thermal 
stability usually defined by a high boiling point and/or (2) is relatively non-toxic. It is noted that 
eugenol has a boiling point of 237 °C and has been used as flavorings for fragrances. It helps to 
have a homogenous liquid resin that can be subjected to a number of processing techniques. This 
precludes the requirement of non-viscosity (i.e. very low molecular weight) and delayed curing 
times for molding purposes and fiber-wetting processes. Homogeneity is strongly desired here in 
order to avoid the complication of having anisotropicity in the material resulting from multi-
phase separation as was the case reported by Xia[56], where copolymerization of divinylbenzene 
(DVB) and a vegetable oil forms two organic phases. The substantially large gap in reactivity 
between vegetable oils and petroleum-based monomers is a common problem that usually results 
in phase separation. Part of achieving good mechanical properties as a polymer is being tough 
and this is often hard to achieve with aromatic monomers like eugenol (after modification), since 
aromatic groups always contribute rigidity and brittleness (i.e. chain stiffening)[57]. It is 
hypothesized that incorporating the right composition of vegetable oil triglycerides can increase 
the overall toughness and flexibility of the material at the expense of some degree of crosslinking.  
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CHAPTER 2: BIO-BASED THERMOSETTING COPOLYMERS OF EUGENOL AND 
TUNG OIL 
 
2.1 Introduction 
There are few literature reports involving eugenol in polymerization, except for the fact it 
has been used in dental applications as a component with zinc oxide used as capping agents and 
dental fillings. Both Rojo and Stanzione reported having polymerized eugenol only after it has 
been functionalized at the hydroxyl group to form a methacrylate[58-60], though the conditions 
of the polymerization were different. This was motivated by the need to give the compound a 
polymerizable double bond. Apparently, despite the presence of the allylic double bond, eugenol 
cannot effectively polymerize free-radically. In general, phenol derivatives are known to be 
chain-breaking radical scavengers[61]. It was demonstrated by Fujisawa in a kinetics experiment 
that eugenol acted as an inhibitor to the polymerization of methyl methacrylate in the presence of 
free-radical initiators[62]. Other sources also report that eugenol’s ability to trap free-radicals 
and inhibiting polymerization is due to its powerful antioxidant activity. On the other hand, Tung 
oil has been studied for a variety of purposes. For instance, Soucek examined its capabilities as a 
reactive diluent by using Diels-Alder reactions to functionalize it with different acrylate 
molecules at high temperature and pressure[63]. It was shown that the proper choice of these 
tung oil-based reactive diluents could reduce alkyd resin viscosities up to 70 wt% and control 
autooxidative curing times. One notable literature most similar to the current project reports of 
the tung oil copolymerization with styrene, performed by Gabel and Stoessor in 1940[64]. They 
were successful in obtaining a copolymer containing up to 2 wt% Tung oil after having heated 
both liquids at elevated temperatures for 72 hours. More promising results were reported by Li 
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and Larock after they performed a free-radical polymerization of 30 – 70 wt % tung oil with 
styrene and divinylbenzene by a simple thermal curing process to produce elastomeric to rigid 
copolymers[65]. These copolymers exhibited a high level of crosslinking (>90%) and boasting a 
wide range of compressive mechanical strength (8 – 114 MPa) and moduli (20 – 1100 MPa).  
 
Basic Concept 
This section aims to explain the basic concept of free-radical polymerization that is 
responsible for eugenol and Tung oil copolymerization, and ultimately the chemical justification 
for modifying eugenol as done by other groups. In a typical free-radical polymerization, there is 
the initiation stage, the propagation stage and the termination stage (Figure 8). A free-radical 
initiator such as an organic peroxide splits by homolytic cleavage of the unstable O – O bond to 
form high energy free radicals. The free radicals proceed to start the reaction by forming a 
radical intermediate with a monomer molecule, which then propagates by the subsequent 
formation of more radicals with more monomers to form a polymer chain. Simultaneously, chain 
termination mechanisms such as combinations, disproportionation and chain transfer are also 
occurring. Termination by combination involves the union of two propagating radical species. In 
a chain transfer mechanism, a reacting radical species abstracts an atom from a non-radical 
species, thus terminating the former and creating a radical species out of the latter.  
 
17 
 
  
Figure 8: A simplistic outline of a free-radical polymerization of monomer M in the presence of 
a typical organic peroxide, R-O-O-R.   
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Each of these mechanisms is governed by a reaction equilibrium that determine the rate at 
which it occurs, taking into account factors such as solvent type (if any is used), the 
concentration of the initiator and monomers, temperature of the reaction, and the reactivity of the 
monomers and radical intermediates relative to each other, etc. The structure of the monomers, 
which affects the sterics, in turn affects how favorable each of these mechanisms is relative to 
another[66].  
The problem with eugenol is the allyl substituent that can form a stable radical because it 
is stabilized by resonance (Figure 9)—stable compounds are not very reactive. The newly 
formed stable radical species is unlikely (but still can) to react and continue propagating; hence 
the radical-trapping capability inevitably disrupts chain growth in two possible ways: (1) eugenol 
does not propagate at all right after initiation by the free-radical initiator (TBPB), (2) it 
propagates to form only a low molecular weight oligomer, or (3) chain transfer termination. 
Chain transfers that end up terminating the new (radicalized) chain completely are termed by 
some groups as degradative chain transfers[67].  
 
 
 
 
 
Figure 9: The resonance-stabilization of an allylic free-radical in the eugenol molecule. The 
stability of the allylic radical makes it unlikely to react further. 
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Despite the reactive conjugated double bonds of Tung oil, it is unlikely for eugenol to 
form a good thermoset with it (and indeed, it did not!). Upon modification, eugenol will be able 
to homopolymerize free-radically by all possible conformations (head-to-tail, tail-to-tail, etc) 
with both pairs of double bonds (preferring the methacrylate end), including the conjugated 
double bonds of Tung oil. Tung oil will also initiate crosslinking between its fatty acids as usual.  
 
2.2 Experimental Methods 
 
2.2.1 Materials 
Three essential reagents for the modification procedure, namely eugenol (4-allyl-2-
methoxy) (99%+), methacrylic anhydride (99%+) and 4-(dimethylamino)pyridine (DMAP) were 
obtained from Sigma Aldrich and used without any further purification. Methylene chloride, 
sodium bicarbonate (NaHCO3), concentrated hydrochloric acid (HCl), pelletized sodium 
hydroxide (NaOH), sodium chloride (NaCl) and anhydrous magnesium hydroxide (Mg(OH)2) 
were purchased from Fisher to be used for the final washing procedure. The free-radical 
initiators, 2-butanone peroxide (MEKP) and tert-butyl peroxybenzoate (A.K.A. Luperox ©) were 
obtained from Alfa Aesar and Sigma Aldrich, respectively. Tung oil (TO) was also purchased 
from Sigma Aldrich. Deuterated dimethyl sulfuxide (DMSO-d6) (99%+) was obtained from 
Cambridge Isotope Laboratories, Inc. to be used as the solvent for 1H-NMR sample preparation. 
 
2.2.2 Synthesis of methacrylated eugenol (ME) 
Figure 10 shows a schematic of the reaction between eugenol and methacrylic anhydride 
in the presence of DMAP catalyst. This reaction is classified as a steglich esterification, which is 
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slightly different from the esterification process. Steglich had successfully used this method to 
produce derivatives of sugar and amino acids using dicyclohexylcarbodiimide (DCC) as the 
catalyst, though low conversion was achieved with carboxylates and thiolates[68]. High 
conversion rate was achieved with phenols, however. The use of DMAP was a later modification 
due to successful attempts using pyridine-based catalysts[69]. The procedure was adapted from 
the report by Wool and co., though there are also other valid methods reported. 0.78 g (2 mol%) 
of DMAP was added into a two-way round-bottomed flask containing 50 g (0.3 mol) of eugenol. 
They were mixed at room temperature for 1 hour while simultaneously being purged with argon. 
49.3 g (or 1.05 molar equivalents to the added eugenol) of methacrylic anhydride was 
subsequently introduced (in excess) to the mixture and allowed to mix for another 3 hours. A 
faint reddish color was immediately observed upon addition. After three hours, the reaction 
mixture was placed in an oil bath at 45 °C for the next 24 hours. A steady flow of argon gas was 
maintained throughout the reaction. To isolate the ME product, the mixture was first transferred 
to a 500-mL separatory funnel and vigorously mixed with 250 mL of methylene chloride. 
Unreacted methacrylic anhydride was removed by washing the mixture with small amounts of 
saturated NaHCO3 solution until the mixture showed no more signs of strong effervescence (CO2 
release).  
The denser methylene chloride organic phase (bottom) which contained the ME was 
drained from the separatory funnel and recollected after each wash. Repeated washes with small 
consistent amounts of 1 M NaOH, 0.5 M NaOH, 1 M HCl, 0.5 M HCl and saturated NaCl 
solution (separately in that order) to remove traces of acids and amines. Note: Special care 
during draining was needed after each HCl wash due to the appearance of white precipitates 
resembling the slightly-yellowish organic phase. 
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Figure 10: Mecthacrylate-functionalization of Eugenol with methacrylic anhydride using DMAP 
as the catalyst to form mechacrylated eugenol. Methacrylic acid is formed as the by-product. 
 
The resulting murky mixture was dried of trace amounts of water with anhydrous 
Mg(OH)2 until clarity was observed. The clear mixture was vacuum-filtered to remove hydrated 
Mg(OH)2 and subsequently solvent-evaporated at 50 °C under reduced pressure.  
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Assuming complete 1:1 stoichiometric conversion of eugenol, the typical range of 
percent yield was 70 – 80% among several attempts and was determined as follows:  
%	 =
	
		
ℎ
		
× 100% =


× 100% 
          (Equation 1) 
 = mass of methacrylated eugenol actually obtained 
 = 	moles of starting eugenol used	(i.e. moles of methacrylated eugenol expected) 
 = molar mass of methacrylated eugenol 
 
2.2.3 1H NMR Characterization of eugenol and the synthesized ME 
Structural identification of ME was done with 1H NMR spectroscopy using Varian VXR 
300-NMR Spectrometer. The test sample was prepared as follows: 20 mg of ME was dissolved 
in 2 mL of DMSO-d6 before inserted into an NMR tube. The analysis was done at a frequency of 
400 MHz. The same procedure was repeated with regular eugenol for a quick confirmation of the 
modification to the original structure and to determine the presence of any impurities pre-
modification. As a guideline, ChemBioDraw software was utilized to provide the theoretical 
spectra and the suggested proton shifts of these substances based on their structures.  
 
2.2.4 Rheology of uncured ME and ME:TO resin 
The viscosities of uncured ME and its various ME-TO composition were measured with a 
flow step analysis using TA instruments AR2000ex rheometer. 0.25 mL of each sample were 
injected on the standard aluminum ETC parallel plate, which is then subjected to a spindle 
rotation with a gap of about 850 µm (0.85 mm) and increasing shear rate from 1 to 100 s-1 
(recorded after stabilization to within 5% tolerance for 3 consecutive data points). The 
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measurements were conducted isothermally at approximately 20 °C. A total of 11 data points 
were collected for each, including that of a standard epoxy resin, EPON 828 for benchmark 
comparison. The viscosity of unmodified eugenol is also measured to provide reference point for 
the ME:TO system. Among the collected variables, the shear rate (1/s), shear stress (Pa) and 
viscosity (Pa.s) were selected for our particular interest.  
 
2.2.5 Cure Characterization of eugenol and ME using DSC  
DSC ramping experiments (TA Instruments DSC Q2000) up to 250 °C were performed 
to characterize the curing behavior of eugenol, ME, TO and uncured ME:TO resins using 
hermetic sealed pans at heating rate of 5 °C/min.   
 
2.2.6 Curing of ME and ME:TO thermosets 
All thermoset samples for this project were prepared by mixing in a vial predetermined 
mass of ME resin and TO based on the desired blend composition, including 5 wt% of a free-
radical initiator. These blends were cast into sample shapes specific to the characterization 
methods used using Teflon and rubber molds. Note: Several square-shaped Teflon® molds were 
custom-made by the machine shop. The polymer blends were cured in an oven with a default 
heating rate of 1 °C/min, isothermal at 90 °C for 2 hours. For post-curing, the temperature was 
gradually raised and stabilized at 160 °C for 4 hours. This was a revision from the earlier 
imposed post-curing condition of 140 °C for 2 hours which did not allow some samples to cure 
completely. 
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2.2.7  Soxhlet Extraction of ME:TO thermosets 
An approximate 2-g sample for each thermoset was extracted with 250 mL of refluxing 
methylene chloride for 24 hours with a Soxhlet extractor. The remaining insoluble material was 
dried under reduced pressure and reweighed to determine the amount of crosslinked material. 
 
2.2.8  Mechanical and Thermal characterization of ME:TO thermosets 
Both flexural (3-point bend) and tensile testing of ME was performed using the Instron 
Series 5569 Universal testing machine. For flexural tests, the crosshead was affixed with a 2 kN 
load cell to apply the load on a rectangular specimen (l, w, t) (20 mm x 4 mm x 1.5 mm) resting 
on a 15 mm support span. Tensile tests were carried out with the same load cell using tensile 
clamps. Dog-bone samples were made using rubber molds with dog-bone-shaped cavities. 
Curing at elevated temperatures caused the molds to deform slightly and the resin overflowed out 
of the cavities. The resulting unevenness was remedied with sandpapering. Thicker molds 
significantly reduced the deformation, but it became difficult to eject the sample and often 
induced premature fracturing. DSC tests were performed on each thermoset by first heating to 
200 °C to erase any thermal history (this step is actually not that useful for highly-crosslinked 
thermosets). They were subsequently cooled to -100 °C before ramping to 250 °C at a rate of 
10 °C/min. Flexural, temperature step dynamic mechanical analysis were conducted using TA 
instruments DMA Q800 using rectangular samples of dimensions (l, w, t) 20 mm x 4.5 mm x 4 
mm. The specimens were subjected to a frequency of 1 Hz and oscillatory amplitude of 10 µm 
from -80 °C to 250 °C at a heating rate of 3 °C /min. Due to insufficient ME resin, a series of the 
same compositions of thermosets were made from a new batch of ME. They were tested with the 
same DMA in tension mode from room temperature to 200 °C. The rectangular specimens had 
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dimensions (l, w, t) 15 mm x 8 mm x 1.5 mm. TGA ramping experiments (TA instruments Q50 
TGA) were also performed on the thermosets up to 700 °C on platinum pans. Secondary electron 
imaging of fractured specimens from the tensile tesing was carried out with JEOL SEM, 
operated at accelerative voltage of 8 – 10 kV and 1500x magnification.  
 
2.3 Results and discussion 
 
2.3.1 Physical appearance of synthesized ME 
Appearance-wise, there was no noticeable change to the characteristic odor or the 
transparent, pale yellowish color of unmodified eugenol after the methacrylation. Likewise, 
prolonged exposure to light was noted to have increased the yellow intensity, though the effect of 
its photodegradation on the mechanical and thermal properties of the end products is not 
discussed in this thesis.  
 
2.3.21H-NMR characterization of synthesized ME 
The batch preparation of ME, while slightly readjusted from the method reported by 
Stanzione, was deemed successful based on the direct side-by-side comparison of the 1H-NMR 
spectra of both eugenol and ME. The estimated proton chemical shifts for both eugenol and ME 
have been included below as a convenient guideline (see Tables 1 and 2) based on the automated 
predictions (adjusted with all shift corrections) made by the ChemBioDraw Ultra 12.0 software.  
Figure 11 shows the actual proton NMR spectrum obtained for the commercially purchase 
eugenol. As expected, the aromatic (Ar–H), phenolic (Ar–OH), allylic (–CH=CH2) and methoxy 
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(–OCH3) proton chemical shifts for unmodified eugenol corresponded reasonably with the 
predicted values. 
Table 1: List showing predicted 1H NMR chemical shifts for unmodified eugenol and the 
corresponding chemical shift from the actual spectrum. 
 
 
 
 
 
Eugenol 
 
Nodes 
Predicted 
Chemical Shift 
(δ) 
Actual 
Chemical Shift 
(δ) 
Aromatic  
(Ar–H) 
6.84  
6.5, 6.7 6.72 
6.62 
Phenolic 
(Ar–OH)  
5.35 5.2 
Allylic 
(–CH=CH2) 
5.92 5.9  
5.00 
4.98 
4.9 
Methoxy  
(–OCH3) 
3.83 3.7  
 
Methylene 
(–CH2–) 
3.21 3.2 
 
 
 
Figure 11: 1H-NMR spectrum of eugenol  
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Table 2: List showing predicted 1H NMR chemical shifts for methacrylated eugenol (ME) and 
the corresponding actual chemical shift. The asterisk (*) indicates the proton signals from the 
methacrylate group 
 
 
Methacrylated Eugenol (ME) 
 
Nodes 
Predicted 
Chemical Shift 
(δ) 
Actual 
Chemical Shift 
(δ) 
Aromatic  
(Ar–H) 
7.06  
6.7, 6.9 6.98 
6.76 
Allylic* 
(–CH=CH2) 
6.43 6.2 
6.18 5.7  
Allylic 
(–CH=CH2) 
5.92 5.9  
5.00 5.0 
4.98 
Methoxy 
(–OCH3) 
3.83 3.7 
Methylene 
(–CH2–) 
3.21 3.3 
Methyl* 
(–CH3) 
2.01 2.0 
 
 
Figure 12: 1H-NMR spectrum of modified eugenol. Asterisk (*) indicates the proton signals from 
the methacrylate group  
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Upon esterification of the phenolic hydroxyl (–OH) group, the presence of additional 
signal peaks for ethylene (δ=6.18 and 6.43) and methyl protons (δ=6.18) were confirmed, despite 
some minor discrepancies. The predicted methyl shifts are supposedly downfield (to the left) 
from the original allyl multiplet. In our case, this methyl shift is slightly convoluted with allyl 
multiplet. It appears that there is a possible degree of variance in the methacrylate group’s 
methylene (=CH2) proton shifts—an NMR scan of the same compound by a Rojo shows one of 
these methyl shifts appear upfield (to the right) of the allyl multiplet. Unfortunately, there are 
residual traces of impurities detected near the methyl shifts (δ=1.0 – 2.5) which could not be 
affirmatively accounted for. They could be result of unknown by-products not removed during 
the washing procedure or unknown contaminants found in the glassware. In fact, the methacrylic 
anhydride reagent purchased commercially was only of ≥94% purity and was stated to contain 
2000ppm of topanol A as polymerization inhibitor, thus opening the possibility of it having 
partaken in the esterification. The same group also reported having purified the synthesized ME 
using silica gel column chromatography and thus produced a relatively clean 1H-NMR spectrum. 
On further consideration, despite being low in concentration, the removal of a polymerization 
inhibitor might in fact be crucial for producing a better polymeric material. 
 
2.3.3 Rheological data of uncured ME:TO resins 
The rheology results for the flow behavior of the ME resin system has been provided 
below in logarithmic scale. Figure 13 gives a graphical depiction of all the data points collected 
pertaining to the relationship of the resins’ viscosities with respect to the applied shear rate (1 to 
100 s-1).  
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Figure 13: Dependence of ME and ME:TO resin viscosity on the shear rate. The plot has 
included EPON 828 epoxy resin and unmodified eugenol as additional comparison. 
Here we observe that the viscosities of unmodified eugenol, ME and ME-TO resins are 
indeed very low (0.01 – 0.1 Pa.s or 10 – 110 cP) and appear to be constant over the range of 
shear rates in contrast to the EPON 328 epoxy resin. While the viscosity may appear constant, 
statistically, there is a considerable variance (σ > 5% of mean) for these measurements, 
particularly for the eugenol, 80:20 and 60:40 resins, which is a result of the initial fluctuation at 
low shear rates. The measured minimum and maximum viscosity of each is provided to in Table 
3 to supplement Figure 13, including the viscosity averaged over all 11 data points.  
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Table 3: Tabulated result showing the minimum and maximum viscosity of the resins measured 
during the shearing process.  
Resin/Monomer Min.  Viscosity 
@ 20 °C  
Max. Viscosity 
@ 20 °C  
Average Viscosity  
@ 20 °C 
  (cP) (cP) (cP) 
Eugenol 9.51 15.93 10.84 ± 2.03 
ME 33.62 35.95 34.54 ± 0.65  
(27.9 ±1.3* @ 25 °C)  
90:10 ME:TO 43.95 48.78 46.91 ± 1.18 
80:20 ME:TO 35.25 64.34 61.68 ± 9.91 
70:30 ME:TO 67.65 79.81 76.33 ± 3.17 
60:40 ME:TO 89.68 128.5 96.14 ± 12.02 
50:50 ME:TO 99.78 128.3 111.7 ± 6.8 
EPON 828 Epoxy 34050 39480 38175 ± 1572 
(110 – 150 P @ 25 °C) 
• * refers to reported literature value by Stanzione, et al. [58] 
It is also noteworthy that increasing TO content in the resin increased the viscosity. On 
top of the covalent crosslinking, a very strong intermolecular interaction such as hydrogen-
bonding would have significantly increased the viscosity[70]. Nevertheless, it is unlikely to 
occur due to the presence of only nucleophilic carbonyl oxygens (hydrogen-bond acceptor) and 
lack of hydroxyl groups (electrophilic hydrogen atom acts as the hydrogen-bond donor). It is 
thus more restricted to weaker Van der Waals forces. However, since TO is naturally a much 
larger molecule and more viscous than ME, this factor alone would increase the viscosity with 
more TO content in the resin. In addition, Figure 13 serves to conclude that the general flow 
behavior of these resins is considered ideal Newtonian due to the direct correlation (i.e. straight 
line) of the measured shear stress and the shear rate. 
 
2.3.4  DSC of uncured resins 
When regular eugenol was cured using the method prescribed, neither a hard thermoset 
nor a rubbery material was successfully produced. The results presented in this section show that 
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the addition of a methacrylate group by esterification did increase its susceptibility to free-radical 
polymerization, allowing it to form a thermosetting polymer upon curing at elevated temperature. 
The DSC survey scans of the cure schedule for eugenol, ME, TO and the ME:TO liquid resins 
using TBPB as the thermal free-radical initiator are shown in figure 14. A range of maximum 
cure temperatures from 135 ºC to 175 ºC is depicted for these samples. Both eugenol and TO 
seem to have very small exothermic peaks relative to ME and the ME:TO resins. The low heats 
of reaction affirm that there is very slow rate of cure occurring respectively among the eugenol 
and TO monomers in the presence of TBPB. This agrees well with eugenol since, as explained 
previously, it has been reported in literature to be rather incapable of homopolymerization. 
Because, in the mechanism of free-radical polymerization, formation of a stable allylic free-
radical on eugenol inhibits the chain propagation, resulting in low molecular weight oligomers.    
 
Figure 14: DSC Curves for the curing of eugenol, tung oil and ME:TO thermosets containing up 
to 50% TO. 
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Additionally, we can also agree that since TO is known to polymerize by ambient 
autooxidation of its conjugated double bonds, the presence of a crosslinking catalyst like TBPB 
does not necessarily enhance the polymerization (or curing). A small curing test was conducted 
between two crosslinking catalysts, TBPB and tert-butyl peroxide (TBPO) and it was found that 
TBPO was much more effective in polymerizing TO. The peak curing temperature of ME also 
close to the reported curing temperature by Wool et. al as a homopolymerization at around 130 
ºC [58]in the presence of 1.5% MEKP as the thermal initiator.  Its exotherm, however, shows the 
presence of two maxima, which is typical for multicomponent systems. The exothermic peaks 
for ME:TO resins revealed a small decreasing trend in the heats of reaction with higher TO 
content, and there is a noticeable jump in the maximum cure temperature from160 ºC for 10 wt% 
TO to 170 ºC for 20 – 50 wt% TO. The punchline behind these observations is that temperature 
plays a central role in the crosslinking behavior during the cure. As   
 
2.3.5 Cured ME and ME:TO thermosets 
 
 
Figure 15: A photograph of the cured resins starting from pure methacrylated eugenol (ME) 
(closest), 80:10 ME:TO, 70:10 ME:TO and 60:40 ME:TO. (Note: 70:30 ME:TO thermoset is 
missing from the picture). 
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Figure 15 is a photograph of the cured ME:TO resin samples, ranging from 0 to 50 wt % 
TO. The photograph depicts the glassy brittle fractures on one side of the pure ME thermoset. 
Whereas, the 60:40 thermoset exhibits a rough surface, which is due to the higher content of TO. 
Homopolymerization of TO at high temperatures tends to give a wrinkled surface due to the 
initial coating formed when it auto-oxidizes in air. This phenomenon is not observed in the 
thermosets with lower TO content. The variety of cured thermosets from the different 
compositions of ME and TO exhibited characteristics that corresponded reasonably within the 
expected trend. While polymerizing pure ME, the yellowish resin cured to form a rigid glassy 
polymer. With increasing wt. % of TO, the resulting materials appear to show lesser rigidity with 
increased toughness and ductility. One can expect to bend a 2-mm-thick rectangular sample 
composed of ≥30 wt% TO easily without snapping it. Therefore, pure ME has highest stiffness 
and ultimate strength when compared to ME:TO copolymers. After all, TO was meant to impart 
a measure of ductility to the material and allow it to be more versatile over a wider range of 
applications.  
Figure 16 shows a proposed schematic of the free-radical copolymerization between 
methacrylated eugenol and tung oil. This is to give a general idea of where bonds might form 
between the eugenol and tung oil molecules. 
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Figure 16: A proposed copolymerization schematic of Tung oil (TO) and methacrylated eugenol 
(ME). This schematic does not depict the free-radical mechanism involved. 
 
2.3.6 Soxhlet Extraction 
 The plot shows how much of the originally weighed specimen remains after it has been 
refluxed with a methylene chloride. Methylene chloride is a good solvent for the uncured resins 
and so any remaining insoluble material counts as being crosslinked (gelation). The results 
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clarify that these materials are highly-crosslinked (88.8 - 98.5%) and the addition of TO into the 
resin reduces the crosslinking ability of ME. 
 
Figure 17: Effect of TO content on the amount of crosslinking in the resins 
 
2.3.7 DSC of Cured ME and ME:TO thermosets   
The thermosets had been tested with DSC to ensure that these are fully-cured resins. For 
under-cured resins, an exothermic (upward) peak would be expected due to residual curing. An 
exothermic peak accounts the residual heat of reaction. Evidently, the DSC curves in Figure 18 
dose not reveal any exothermic peaks. This confirms that there was in fact no more curing taking 
place in the resin. The absence of an endothermic melting peak also helps affirm their 
thermosetting nature—characterized by having a melting point that is significantly much higher 
than the monomers that made it up. However, the DSC curves appear to be less sensitive to 
measure the glass transition in the investigated material[71].  
36 
 
 
Figure 18: DSC curves of cured ME:TO specimens. 
 
2.3.8 Instron Flexural Test Data 
The following are the results of the flexural (3-point bend) test performed using the 
Instron universal testing machine under ambient temperature. Figure 19 shows a representative 
plot of the flexural stress vs strain data obtained for the four different ME:TO thermosets (0 – 40 
wt% TO). With the increase in TO concentration from 0 to 20 wt. %, a brittle to semi-brittle 
material failure is observed. It is described by the presence of the linear elastic regime, followed 
by the yield point where the material succumbed to the applied stress in the initial stage of plastic 
deformation. The material, depending on the composition, finally fractures after a small degree 
of strain-hardening. Not surprisingly, the sample with 30% TO does not have an obvious yield 
point by nature of its slightly elastomeric characteristic and large extent of plastic deformation 
before fracturing. In such a case where the yield point is not visible, an offset yield point 
determined by a slope drawn from the origin tangent to the curve up to 0.2% strain is used. The 
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specimens with ≥30 wt% were barely experiencing flexural failure (i.e. they actually exceeded 
the 5% strain limit if strictly abiding by the ASTM D790 testing criteria). Proceeding so would 
only cause the specimens to slide through the supports after excessive bending by the applied 
load and giving erroneous data. 
 
Figure 19: Representative flexural stress-strain curves for with varying TO content (0 – 30%). 
 
 
 
Figure 20: Dependence of ultimate flexural strength and strain w.r.t. tung oil (0 – 30 wt%)  
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Figure 21: Dependence of flexural moduli of w.r.t tung oil content (0 – 30 wt%) 
The best three specimen results for each composition were averaged and their standard 
deviation was evaluated. Figure 20 presents a graphical plot of these calculations, showing the 
relationship of the strain w.r.t. the maximum measured flexural stress. Pure ME, 90:10, 80:20, 
70:30 show a maximum flexural stress average of 85.0 MPa, 97.2 MPa, 87.2 MPa and 32.2 MPa, 
with a corresponding flexural strain of 3.2%, 3.8%, 6.7% and 8.8%, respectively. Unfortunately, 
the data seems to invalidate the original assumption that the pure ME specimen should be able to 
withstand a higher level of stress. This observation is backed by Figure 21, which conveniently 
depicts a linearly-decreasing trend in the tested materials’ flexural moduli. Moreover, there is a 
decreasing trend in the flexural yield strength (characterized by the shouldering or the ‘yield 
point’ at the end of elastic deformation). A quick ball-park estimation of the total strain energy 
(i.e. area under the curve) concludes that the 80:20 specimens appear to exhibit the highest level 
of toughness. 
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2.3.9 Instron Tensile Test Data 
Figure 22 - 24 show the results of the tensile tests conducted using the same test frame. 
For resins containing 10 wt%, 20 wt%, 30 wt% and 40 wt% TO, the average measured 
maximum tensile stresses are 45.0 MPa, 31.7 MPa, 4.3 MPa and 3.3 MPa with Young’s moduli 
of 1118 MPa, 714 MPa, 46 MPa and 17 MPa, respectively (see also Table #). The maximum 
elongation ranges from 8.5% to 76.7%.   
 
 
 
Figure 22: Representative tensile stress-strain curves with varying TO content (10 – 40 wt%). 
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Figure 23: Effect of TO content on the maximum tensile strength and strain of the thermosets  
 
 
Figure 24: A plot showing the effect on the material’s tensile modulus with increasing tung oil 
content in the resin. Tung oil also decreases the tensile stiffness of the material.  
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The tensile testing of these highly amorphous and brittle thermosets had proven 
challenging. The 100% ME dog-bone-shaped test specimens had originally been part of the test. 
However, they had failed prematurely due to their surface smoothness and brittleness, a 
combination that was unsuitable for the screw-action serrated grip clamps (the only ones 
available). Although the 90:10 and 80:20 ME:TO specimens survived the gripping force, there 
was a slight hint that some slippage may have occurred during the test. Another point of concern 
is the huge difference between the measured flexural modulus and the tensile modulus. This is 
primarily attributed to the fundamental difference between the two testing modes. Nevertheless, 
both the tensile modulus and ultimate tensile strength follow a neat decreasing trend with more 
TO content in the resin, in particular, the distinct plunge that illustrates the brittle-to-ductile 
transition occurring between the 80:20 and 70:30 specimens. The increase in TO content above 
30 wt. % resulted in enhancing the strain-to-failure.  
The distinct difference in the mechanical properties of ME:TO copolymers can be 
attributed to the gel content measured by soxhlet extraction. A highly-crosslinked material have 
less molecular weight between the crosslinks resulting in a stiff material. Copolymerizing ME 
with TO may affect the properties of the final material in two different ways. First, it reduces the 
crosslinking ability of ME influencing the reaction kinetics of free radical polymerization. 
Second, the long fatty acid chains in TO may act as dangling chains  giving a plasticizing effect 
on the ultimate mechanical properties of the copolymers.   
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2.3.10 SEM Data 
The fracture surface morphologies of M-Eugenol/Tung oil blends prepared from tensile 
specimens are investigated by SEM analysis. Figure 25 depicts the morphology of the fractured 
surfaces of the investigated samples. The pure ME specimen exhibits a smooth fracture surface 
in the SEM micrographs, whereas ME:TO specimens show traces of plastic deformation. The 
smooth fracture surface in pure ME specimen is primarily attributed spontaneous crack 
propagation typically observed due to the brittle behavior of the material. The surface 
morphology from fracturing events is largely dependent on the material’s ability to dissipate the 
applied mechanical energy throughout the specimen. Brittle materials offer little room for the 
distribution of stress and therefore separate cleanly. On one hand, the surface morphology of 
70:30 ME:TO reveals a ductile facture that corresponds to the TO-dominated ductile behavior of 
the material. Although ME:TO specimens all appear to form a homogeneous phase, the 
significance of surface roughness in the copolymers can be attributed to some degree of 
heterogeneity in the material. With increase in the concentration of TO, there is notable reduction 
in surface roughness associated with the shear bands on the fracture surface can be observed. A 
transition in the fracture morphology from brittle-to-tough material can be observed between 
pure ME and 90:10 ME:TO specimens. Similarly, a transition from tough-to-ductile material 
behavior can be observed between 70:30 and 60:40 ME:TO specimens.         
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Figure 25: SEM images of the cross-sections of fractured dog-bone specimens from tensile 
testing. 
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2.3.11 DMA Flexural Test Data 
The flexural stiffness of the material measured by using DMA over a wide range of 
temperatures is shown below. The primary objective to perform DMA on the present samples is 
to characterize the second-order phase transition temperature, or so-called glass transition 
temperature (Tg), which was not observed by DSC. Figure 26 gives an overlay of storage 
modulus (G’) curves obtained for the samples containing 0 – 40 wt% TO in ME. The G’ curves 
of all the samples depict a plateau behavior between -75 oC to -15 oC. This temperature range is 
commonly considered as glassy regime. The G’ curves reveal that the composition-dependent 
storage moduli measured below ambient temperatures do not follow a trend. In glassy regime, 
pure ME specimen exhibits the highest storage modulus. Interestingly, the glassy modulus of 
70:30 and 60:40 specimens are superior to 90:10 and 80:20 in spite of the former samples having 
low ME content. This may be justified as greater stiffening of rubbery materials as compared to 
tough materials at sub-ambient temperatures. Nevertheless, a proper trend in storage modulus 
can be seen at room temperatures and beyond.  
Above glassy regime, the sample appears to show a significant decrease in the modulus 
value. This drop in G’ is attributed to the glass transition (Tg) of the materials. The Tg of pure ME 
is observed at higher temperature when compared to the ME:TO copolymers. In ME:TO 
copolymers, the Tg is decreasing with the increase in the TO concentration. In order to observe 
the composition-dependent change in the Tg behavior of the investigated samples, the damping 
(tan δ) curves for all the specimens are shown at the bottom of Figure 26. The position of peak 
maximum in the tan δ reveals the Tg of the material. As shown, each specimen exhibits only one 
distinct peak, which indicates homogeneity in the material[72]. ME specimens with higher TO 
content have lower Tg values, reflecting the consistency with their apparent physical 
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characteristics. Interestingly, the 100% ME specimen appears to exhibit a decrease in storage 
modulus that is not particularly profound as compared to its TO-copolymerized peers. Its tan δ 
curve shows a broad peak with a peak maximum at 150 oC.  
In Figure 26, from the most rigid to the most ductile specimens, a rubbery plateau can be 
observed after the Tg. The modulus of the material in the rubbery plateau are increasing with then 
increasing in the ME concentration. At low ME content i.e. in ME:TO 60:40, the sample failed 
due to low stiffness in the material before reaching the rubbery plateau. Generally, the G’ of the 
rubbery plateau is directly proportional to the crosslinking density of the materials. The plateau 
decreases in modulus with higher TO composition, suggesting a decreasing level of crosslink 
density. This may be in good agreement with the decreasing intensity of the exothermic peaks 
from DSC data of the uncured ME:TO resins (see Figure 18). The crosslink density in thermoset 
polymers controls the ability of the polymer to flow in response to the applied strain and heat. In 
addition to the chain stiffness due to the aromatic rings which restricts bending movements, the 
tightly-bound network also prohibits the macromolecular chains from sliding past each other. 
The limited degrees of freedom accumulated thermal stress on the heavily-crosslinked polymer 
that eventually resulted in the occurrence of catastrophic decomposition (breaking of 
intramolecular and crosslinking covalent bonds)—indicated by blackening of specimens after the 
test.  
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Figure 26: Storage modulus, G’ curves for the 3-point bending (flexural) tests of ME:TO 
thermosets (top), including the corresponding alpha-transition (tan delta) peaks. 
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2.3.12 DMA Tensile Data 
To further characterize its cyclic load-bearing capabilities, the thermosets were tested in 
DMA tension mode. The results show a trend in both the Tg and G’ at around room temperature 
(Figure 27). Each of the specimens demonstrated G’ that is fitting for its level of stiffness. The 
first three specimens (100% ME, 90:10 and 80:20 ME:TO) have considerably high modulus 
values while those of 70:30 and 60:40 ME:TO are relatively much lower. Unfortunately, the tan 
δ curves show that these specimens have Tg that are systematically lower than those reported in 
3-point bending mode. Pure ME and 90:10 ME:TO specimens show a few degrees difference 
between both DMA modes. The differences are larger for the more rubbery specimens such as 
80:20, 70:30 and 60:40. Currently, it is not clear why this is so. An e-mail inquiry 
correspondence by a technical representative of the TA Instruments (Applications department) 
explains that it is not unusual to have such differences in Tg between different clamp modes even 
within the same technique. Firstly, mechanical property measurements are contingent on the 
sample geometry and the methods of measurement between these modes are by far and large 
different. Secondly, since the relative position of the highly-sensitive thermocouple to the 
specimen is slightly different between both modes (just because of their orientations, 
supposedly), the broad temperature gradient occurring in ramping experiments may potentially 
contribute to inconsistencies. These factors make reproducibility of Tg measurements a challenge.  
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Figure 27: Storage modulus (G’) curves for the tensile tests of ME:TO thermosets (top), 
including the corresponding alpha-transition (tan delta) peaks (bottom). 
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2.3.13 TGA Data 
The thermogravimetric analysis (TGA) curves of these thermosets are shown in Figure 28. 
All the samples started losing very minute amounts of mass almost immediately over the first 
couple hundred degrees. After which, all specimens go through rapid thermal degradation, 
resulting in a significant reduction in specimen weight at a similar onset temperature of about 
420 ºC, where the major degradation stage is completed over a narrow temperature range of 50 – 
60 ºC. The pure ME specimen lost 5% of its original mass after reaching 292 ºC. The 90:10, 
80:20 and 70:30 specimens experienced 5% weight loss by the time temperatures reach 308 ºC, 
283 ºC, 278 ºC, respectively. Since thermal degradation behaviors are basically dependent on the 
molecular infrastructure, this shows that the incorporation of a 10 wt % of TO resulted in 
enhancing thermal stability. However, this stability deteriorated upon further addition of TO. By 
nature of its conjugated double bonds, TO is easily oxidized and thus more susceptible to 
thermo-oxidative cleavage. Overall, there is little difference in the observed degradation of four 
different thermoset specimens over the first 300 ºC. Upon the onset of rapid degradation, there is 
a noticeable multi-step degradation as observed from the derivative curves. For instance, pure 
ME specimen has a distinct two-step degradation process, illustrated by two maxima on its 
derivate (wt%/ºC) curve. (Note that this is not referring to the much lower maxima due to the 
burning of the carbonaceous char.)  On the other hand, the ME:TO specimens all exhibit three-
step degradation observed by three visible maxima on the derivative peak.  
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Figure 28: TGA curves showing the thermal degradation of ME and ME:TO themosets 
containing up to 30% TO.  
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Table 4: Thermogravimetric analysis (TGA) results of the ME and various ME:TO specimens 
containing up to 30% TO, showing their respective thermal stability up for 5 – 10 wt% loss, the 
maximum degradation rates over the multi-step decomposition and the carbonaceous residue. 
Specimen 5 wt% loss 
Temp 
10 wt% loss 
Temp 
1st Step Max 
Degradation    
(Rate) 
2nd Step Max 
Degradation 
(Rate) 
3rd Step Max 
Degradation 
(Rate) 
Char 
Yield 
  ᵒC ᵒC ᵒC      
(wt%/ᵒC)  
ᵒC            
(wt%/ᵒC)  
ᵒC       
(wt%/ᵒC)  
% 
100% 
(Pure) ME 
292 350 434         
(1.72) 
455               
(1.72) 
- 19.8 
90:10 
ME:TO 
308 361 434         
(1.49) 
449                
(1.36) 
460            
(1.61) 
16.8 
80:20 
ME:TO 
283 340 432         
(1.91) 
445               
(1.50) 
458          
(1.59) 
14.5 
70:30 
ME:TO 
278 338 428         
(1.30) 
444               
(1.34) 
467            
(1.15) 
12.4 
 
The degradation temperatures and rates for each specimen are tabulated in Table 4. 
Interestingly, Rojo reported a single-step decomposition mechanism for their homopolymerized 
ME, though the implemented polymerization procedure is different and his TGA specimen was 
run with nitrogen (inert gas) flow instead of air. Table 4 reveals that the first maximum 
degradation rate at around 430 ᵒC is common to all the tested specimens. This is assuredly 
related to one of the possible degradation sites on ME since it is the common component in all 
the specimens. Some possibilities include random scission on polymer chains formed by the 
methacrylate end, those by the allylic end, or cleavage of the methoxy group from the aromatic 
ring[73]—this can only be confirmed by molecular spectroscopy. The second case is likely, since 
bonds formed by stable radicals are generally weaker and so will degrade at a lower temperature. 
As expected, the second maximum for ME at 455 ᵒC is not unanimous with the ME:TO 
specimens. The copolymerization with TO may have potentially introduced more degradation 
peaks that overlap with those of pure ME, albeit only three maxima are discernable from the 
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convoluted derivative peaks. The ME:TO specimens show common 2nd and 3rd degradation 
maxima at around 445 ᵒC and 460 ᵒC, respectively. Their decomposition temperature is 
decreasing with increasing TO content. The amount of carbonaceous residue after the rapid 
multi-step decomposition seems to correlate with the ME content in the specimen. The inherent 
aromatic structure in eugenol is expected to condense to amorphous carbon at high temperatures. 
Similarly, TO can leave proportional carbonaceous residue at elevated temperatures. Therefore 
the residual weights of char listed in table x is a collective contribution from ME and TO.     
 
2.3.14 Conclusion 
Eugenol was functionalized with a methacrylate group using steglich esterification 
process, achieving high yields of methacrylated eugenol. 1H NMR characterization showed that 
the synthesis was successful. Chemically modified eugenol (ME) was blended with tung oil (TO) 
as a reactive diluent to synthesize new bio-renewable thermoset polymers. The rheological 
experiments performed using parallel plate geometry on the pre-cured resins with varying TO 
content (0 – 50%) in ME confirmed Newtonian behavior in all the samples. The curing 
temperatures of ME:TO blend resins were confirmed using DSC, showing that TO increases the 
overall curing temperature upto a certain point.  Copolymerization of Eugenol and Tung oil was 
successful in producing highly-crosslinked ME:TO thermosets. The thermosets ranged from 
brittle rigid materials to tough rubbery materials with increasing wt% of TO. Soxhlet extraction 
performed on these thermosets confirmed a high level of crosslinking. These thermosets also 
exhibited more impressive ultimate flexural properties as compared to those of tensile, based on 
instron mechanical testing at room temperature. The fracture surface morphology of the dog-
bone samples were analyzed by SEM imaging and they show a hint of heterogeneity in the 
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ME:TO specimens due to the surface roughness. Overall, the transitions in the surface 
morphology were consistent with those observed in the mechanical tests. DMA results for both 
flexural and tension modes showed that TO dramatically decreased the glass transition 
temperatures, although the exact values were inconsistent between both clamp modes. TGA 
analysis showed good (>250 °C) thermal stability of these resins based on a 5% weight loss 
condition. It can be concluded based on these results that 80:20 ME:TO is the optimal thermoset 
composition that will deliver the best bang for the buck in terms of mechanical strength and 
toughness. Its slightly lower (but still high) glass transition temperature makes it suitable for 
mechanical applications at elevated temperatures.  
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CHAPTER 3: CONCLUSION 
3.1 Summary 
The first chapter tried to raise the awareness of the reader of the eminent depletion of 
non-renewable petroleum sources, which will continue to raise the global price of petroleum. 
The proposed strategy was to reduce the dependence synthetic plastics on petroleum-based 
monomers, such as styrene. This meant exploring ways to derive those from sustainable plant 
sources such as cloves and vegetables. Cloves oil contains high yields of eugenol, which has 
been reported to be polymerizable only after it has been functionalized. Tung oil (TO) is a 
common drying oil originating from China. It has conjugated double bonds in its triglyceride 
fatty acid chains that make them quite reactive to polymerization. Eugenol and Tung oil were 
selected as monomeric candidates to prepare fully bio-based thermosets. 
Chapter two addressed the concept of free-radical polymerization that constitutes the 
main mechanism of the copolymerization between eugenol and tung oil. The chapter then 
explained the methacrylate-functionalization process. Eugenol was first chemically-modified at 
the phenolic group by a 24-hour reaction with methacrylic anhydride (MA), under the presence 
of a pyridine-based catalyst, DMAP—an organic reaction called the Steglich esterification. The 
successful synthesis of the eugenol-derivative, methacrylated eugenol was confirmed by proton 
NMR. ME was then blended with varying compositions (10 – 50%) of TO, and tested for 
rheological and curing behavior. Ideal Newtonian fluid behavior was observed and TO was 
shown to be less reactive to radical polymerization than ME. The resins were then cured in bulk 
at elevated temperatures using an organic peroxide as a crosslinking catalyst. The remaining part 
of the chapter detailed the microscopic surface morphology, thermal, mechanical and dynamic 
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mechanical characterizations performed on the thermosets. The resulting series of rigid to soft 
thermosets formed (with increasing TO composition) were systematically tested for the amount 
of crosslinked material and were checked for signs of incomplete curing. Both techniques 
confirmed a high level of crosslinking in the thermosets and that TO slightly reduced the overall 
crosslinking. The flexural (3-point bending) testing showed decent values of flexural strength 
and high stiffness. The resins did not have a comparable tensile strength and stiffness, though 
they had better strain-to-failure ratios, especially towards higher TO content. The SEM analysis 
hinted on a sign of heterogeneity due to the surface roughness occurring in the cross-section of 
fractured tensile test specimens containing 10 and 20 wt% TO. DMA characterization under both 
flexural and tension clamp modes showed that the thermosets had Tg that were much higher than 
room temperature. The TGA experiments also demonstrated their superior thermal stability. The 
inclusion of >10% TO only made the thermosets slightly less stable, thermally.  
It can be concluded that the addition of small amounts of TO to ME, between 10 to 20 
wt% of the whole resin mixture, had the optimum positive effect on the mechanical and thermal 
capabilities of the thermoset. The user may conveniently tailor the properties to the desired 
application based on these data. It would have been ideal if functionalization of eugenol was not 
needed so that the cost of chemical modification can be waived.  
 
3.2 Future work / Suggested improvements 
The few things that need to be addressed more thoroughly are the experimental aspects. 
The following are experimental factors that are speculated to have had some impact on the 
collected data: On further consideration, the use of non-enclosed Teflon molds could be a bad 
idea due to the poor heat conductivity. Curing a resin in it is bound to have caused heat gradients 
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which might have affected the resulting properties of the cured specimen. This argument is based 
on a very recent accidental discovery that a cured ME:TO specimen containing 30% TO 
prepared in enclosed glass vials felt clearly more rigid than their ductile counterpart prepared in 
non-enclosed Teflon molds. This could mean a few things. (1) Oxidation by the surrounding air 
in the oven has some noticeable impact, or (2) the loss of some mass of ME and/or TO to the 
surroundings may have upset the stoichiometry between the two. If the former does have 
significant impact, then perhaps a curing study under inert atmosphere would be useful. If the 
latter is a real problem, curing the resins in enclosed glass molds could offer interesting results.  
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